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ABSTRACT
TOWARDS FUNCTIONAL MATERIALS FROM
POLYELECTROLYTE-SURFACTANT COMPLEXES
SEPTEMBER 2005
WAIKEN K. WONG, B.S., CASE WESTERN RESERVE UNIVERSITY
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Helmut H. Strey
Polyelectroiyte-surfactant complexes (PSCs) are used to create nanostructured solid materials
through two methods. First, they are combined with co-surfactant and oil to form electrostatically self-
assembled amphiphilic complexes (ESAs). These materials exhibit long-range order at the nanoscale for
cubic, hexagonal, and lamellar morphologies and demonstrate the ability to swell upon addition of a
hydrophobic species. The effects of polyelectrolyte charge density and co-surfactant identity were
investigated in regards to their influence on phase transitions and extent of swelling. The impact that
molecular weight and charge density of the polyelectrolyte have on ESA structure was given a detailed
look. A methodology was developed whereby ESAs that showed morphological coexistence when firsi
formed could be forced into a well-ordered hexagonal phase, and the effects of ionic strength and co-
surfactant content on this process were examined. Small angle x-ray scattering (SAXS) was the primary
instrumentation used for this work.
Secondly, PSCs were formed from a crosslinkable biopolymer to eventually form crosslinked
polyelectrolyte hydrogels. A chemical route was extablished and the gels characterized by SAXS,
rheology, and light scattering.
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CHAPTER 1
INTRODUCTION
The ease with which discrete and independent entities assemble into ordered objects and arrays i,i
nature has been the underpinning of a great deal of scientific inquiry and application. Self-assembly occurs
in a great variety of systems, ranging from nano- to microscale sized, organic to inorganic, biologically
ftinctioning to inert.'"^ Subject merely to the fundamental forces that govern the behavior of its participating
components—including electrostatics, hydrophobic/hydrophilic interactions, and hydrogen-bonding-this
process provides researchers routes to structures with low dispersity in terms of size, shape, and spacing.'
These mechanisms consequently are opening doors to current and potential advancements in fields as
diverse as data storage, photonics, biomimetics, and catalysis.^ '' Opportunities lie not only in using self-
assembled materials as they occur naturally, but also in manipulation of the system to suit the needs of the
scientist, made possible through an understanding of the underlying physics.
1.1. Polyelectrolyte-Surfactant complexes (PSCs)
One heavily used and studied self-assembling system is that of polyelectrolyte-surfactant
complexes (PSCs).'*^ Especially amenable to experimental study because of their aqueous nature, PSCs
have provided insights into binding interactions between polymers and small molecules, solution properties
of those same components, and morphological behavior of soft matter.^* "* Moving from fundamental
science and towards functional materials, PSCs show promise in uses including encapsulation of small
molecules, separations, and templating for various types of nanostructures,
PSCs encompass a broad spectrum of chemical and physical compositions. The constituents of the
complex can exhibit different molecular structures, charge densities, packing geometries, and so on.
Physically, PSCs can be studied in both soluble and insoluble forms and have been found to take on a host
of crystallographic mesophases. In the face of such complexity, a closer examination of this particular self-
assembly phenomenon is warranted. This introduction will offer a general survey of PSCs including the
characteristics mentioned above and more specifics on the governing physics. This foundational basis will
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in turn establish a framework on which the concepts of this research are built and the proper context from
which to consider them.
Ober and Wegner'^ nicely summarize some of the most common polyelectrolytes and surfactants
used to create complexes. Both components can be either cationic or anionic, and the countcrions
associated with them often have an effect on the mesophases the complexes adopt.'^^ What is important to
note here is the range of geometries as defined by molecular structure. Surfactants come in single and
double chain forms with head groups of different sizes, the polymers vary in their degree of hulkiness.
Geometric constraints will be the most important factor in determining the phase behavior of PSCs.
All the work that will be discussed herein involves PSCs in an insoluble state, but a few comments
regarding the soluble regime would be an appropriate lead-in. As charged surfactant is slowly titrated into
an oppositely charged polyelectrolyte solution, surfactant molecules, in a cooperative manner, increasingly
bind to the polymer. The process starts with single surfactant molecules driven by electrostatics to find
locations along the polymer backbone. This onset of binding happens at surfactant concentrations several
orders of magnitude below that which is required by surfactant solufions alone to self-assemble into
micellar structures. Hydrophobic forces begin to have a greater effect as more surfactant molecules find
one another along the polyelectrolyte, and have the opportunity to start protecting hydrocarbon tails from
the aqueous environment. Eventually this action leads to the formation of micelles along the polymer, and
at the point when charges between surfactant micelles and the polyelectrolyte are approximately
neutralized, precipitation of the PSC occurs. In relatively dilute concentrations, this results in turbidity in a
previously clear solution.-^ "' At higher concenti'ations—as in the case of the studies presented here—
there is much more precipitate and it falls out of solution as a waxy or granular solid that is easily handled.
In addition to electrostatics and hydrophobic forces, there is a significant contribution from
entropy in this process as well. The binding of surfactant molecules to polyelectrolytes also means the
release of their associated counterions, and though this gain in entropy may be miniscule for a single event,
it is enormous when summed over the entire system.'^'"
The complex phase behavior of PSCs has been the subject of extensive study"^"' and is also
what motivates this research. Various cubic symmetries, hexagonally packed cylinders, and lamellar stacks
have all been observed and derive primarily from the action of the micelles and how they form
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arrangements that show long-range order.^' The system's other components play only supporting roles m
controlHng morphology, and then have a greater effect on size and extent of ordering than on the type of
mesophase exhibited. The polyelectrolyte affects the structure principally through its charge density. '^'^^•^-^
Environmental conditions have influence through parameters such as ionic strength and osmotic prcssure.'^^'
Unit cell sizes of these complexes correspond to the dimensions of the surfactant molecules, on the
order of 10' -10^ A.
Surfactant molecules are capable of self-assembling into micelles and micellar arrays without the
presence of a heterogenous nucleation site, as a charged moiety on a polyelectrolyte can be considered to
be. Again, this is a cooperative process and is marked by a critical micelle concentration (CMC). In
contrast to the complexation mentioned above, micellization involves a decrease in entropy as surfactant
molecules lose their translational movement, therefore requiring a compensatory increase in enthalpy to
drive the assembly.-"^ Alternatively, one can examine the hydrocarbon pordon of the amphiphilic molecule
and its interaction with the surrounding water. Water molecules pay an entropic penaUy in order to
rearrange around and accommodate the presence of non-polar objects. From the perspective of solvent
entropy, there is a net gain if the non-polar tails are isolated from water. This is a simple-minded
explanation of the hydrophobic forces at play in the system, and is an additional driving force towards
micellization.
For the micelles themselves, the characteristics of most interest are their spontaneous curvatures
and bending moduli, which define the micelles' shapes. The relative sizes of the polar and non-polar
segments determine the curvature and the packing geometry; single chain surfactants tend to be wedge
shaped with the polar headgroup wider than the tail, double chain surfactants tend to be prismatic, and
triple chain surfactants are wedged shaped as well but in a manner opposite to single chain molecules. The
shape of the assembled micelles follow intuitively: single and triple chain surfactants form splicrcs and
cylinders and double chain surfactants bilayers. Triple chain surfactants, with their polar cores, ai'e
generally known as inverted micelles for obvious reasons, even if the distinction between "regular" and
inverted is somewhat arbitrary."
Bending moduli refer to the flexibility of the surfactant layer. Geometry has an effect here, but the
interaction between surfactant molecules is more critical. Like molecules interact more strongly, increasing
3
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the modulus, and dissimilar molecules do the opposite as expected. As one considers tun.ng ,ho plu.se
behavior and morphology of micelles, decreasing the modulus becomes key; reducing the modulus is an
increase in flexibdity of the surfactant layer, and ,s only with greater llexibili.y ,ha, the micelles will be
able to adopt different structures. Mixing surfactants and/or co-surfactants is one option, as ,hc .n.roduc
of a different molecule will change the interaction between neighbors in the layer. Additionally, packing
geometry could potentially be altered as well as differently-shaped molecules pack togcther.^^ This has
been shown to produce morphological changes in some systems.^'^
1. 2. Electrostatically Self-Assembled Amphiplexes (KSAs)
The difference between the micellai- solutions just described and microemulsions is simply ihe
addition of another hydrophobic pha.sc (or, in the case of inverted micelles, a hydrophilic phase). Micelles
assemble in order to protect their polar tails and it is in this hydrophobic domain that an oil phase is
welcome. Essentially what forms is a collection c)lOil droplets stabilized by surfaclanl molecules; a
hydrophobic pha.se is now dispersed wilhin an aqueous medium. The addition of another component to the
system has some effects on its morphological characteristics, something that can be used to the researcher's
advantage if carefully adjusted. This, combined with the addition of co-surfactants, has been the subject of
some study^" " and has important implications on the work that follows below.
The above discussion on surfactant solutions and microemulsions may seem like a diversion from
Ihe topic o\' PSCs, but it is relevant in that the intersection between these two areas is of interest. The
mesophases available to PSCs ai-e numerous as experimental pai'ameters such as surfactant/polymer
identity and ratio are changed. However, for a given pair at a ratio in the insoluble regime, there is far less
morphological flexibility primarily due to geometrical constraints imposed by the surfactant's molecular
structure. The challenge becomes finding a method that allows the user to, in a sense, dial in a preferred
morphology with specific dimensions given these restrictions. As the relative amounts of polyelectrolyte
and surfactant are fixed, phase behavior must then be manipulated through the addition of other
components. The work cited above on surfactant solutions with co-solutes and on microemulsions offers
some potential directions towards that end. Although the relative amounts of polyelectrolyte and surfactant
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are fixed, the relative amounts of surfactant and other species are not, and the expectation is that adjusting
those quantities will lead to easily controlled phase behavior, even in a solid PSC at ambient conditions.
Herein we present a new type of self-assembled entity that bears some of the characteristics of
micellar solutions and emulsions but also has properties unique fi'om those systems: electrostatically self-
assembled amphiphilic complexes, with further abbreviation of amphiphilic complex to amphiplex and the
overall acronym ESA. The term ESA captures all the important aspects of the materials to be described; the
driving force for their creation, the demarcation between hydrophobic and hydrophilic domains stabilized
by amphiphilic surfactant molecules, and the fact that these are solid materials. We will show thai
everything is present in the precipitate that forms when solutions of polyelectrolyte and surfactant are
combined and mixed along with the other components. These materials are novel not only for their
composition and solid physical state, but also for their long-range ordered nanostructures, a key feature that
will be investigated in detail.
1.3. Polyelectrolyte Hydrogels
Our group has also been interested in the intersection between two broad areas of research: the
development of highly-ordered PSCs and the use of polyelectrolyte hydrogels as functional systems.
Although separately these two areas of study have received quite a bit of attention, their potential overlap
has not; little work has been done on creating hydrogels from ordered PSCs. Chu and coworkers perhaps
come closest to this but still are performing complexation between polyelectrolyte and surfactant after Iht
hydrogel is formed."^^* '^^'^-^ For this work we sought a method in which the PSC is complexed together and
the polyeletrolyte crosslinked first, followed by hydrogel creation with the intention of maintaining the
well-ordered structure characteristic of PSCs throughout the process.
Polymeric hydrogels are receiving an enormous amount of attention, particularly from the
biomedical and pharmaceutical communities. Their high water and low polymer content make them
especially suitable in instances where biocompatibility is valued. Utility in biological environments and
therapeutic applications is further enhanced if the gel is formed from biopolymers. Eliciting physical
responses from the bulk to any number of environmental conditions and chemically modifying the polymer
are both easily accomplished. Researchers are well served by this versatility.
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Hydrogels made from synthetic polymers typically involve acrylate-based macromolecules:
acrylate, acrylic acid, acrylamide, acrylonitrile. isopropylacrylamide. methacrylate. or copolymers of
those."-" Alginate, hyaluronate, dextran, and cellulose are common natural polymers from which
hydrogels are created.^^"^' Crosslinking occurs through a number of means, most commonly physical
crosslinking through divalent ions, chemical crosslinking through the addition of small molecules, or
photocrosslinking through modified side groups.'" '*-^"
The ability of these gels to respond—olien reversibly—to external stimuli expands their potential
uses from merely being inert materials to being dynamic and interactive media. Shifts in temperature, pH,
ionic strength of its sun'oundings, and electric fields among others have all been found to produce physical
transitions in hydrogels, usually macroscopic swelling/deswelling or changes in rheological and mechanical
behavior.''^ All these effects can be observed for both synthetic and natural polymer based gels. Such
technologically advanced end uses as drug delivery, tissue scaffolding, tissue replacement, and biosensors
are being pursued.''^ '*" '*^
'''
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CHAPTER 2
ELECTROSTATICALLY SELF-ASSEMBLED AMPHIPLEXES
wccn
2.1. ESA Phase Diagrams
2,1.1, Concept and Motivations
In brief, the goals of this project were to determine the formulations that mark transitions bef
morphological phases in ESAs, and investigate the extent to which those phases are able to swell.
Functionally, tiiis was development of phase diagrams for different combinations of polyelectrolyte-
surfactant, co-surfactant (which induces phase changes), and oil (which induces swelling). Besides
changing the composition of the ESAs as phase diagram work entails, effects of polylelectrolyte type, co-
surfactant type, and polyelectrolyte chai-ge density were assessed as well. Effects of and relationship
between the polyelectrolyte' s molecular weight and charge density were given a detailed look. Efforts to
better control phase behavior comprise the second section of this chapter. Small angle X-ray scattering
(SAXS) was used to monitor all of these changes in the ESAs.
We gave particular attention to molecular weight and charge density as a response to the materials
that were initially available in our laboratory. Among the materials were a fully charged 5100 g/mol, a 70%
charge 200k g/mol, and a 40% charge lOM g/mol polyelectrolyte. With such a variation in one of the
material properties, there was some concern as to its potential effect on complex formation and subsequent
phase behavior. While true that individual binding events occur on length scales much smaller than the
length of the chain, even for the lower molecular weight polymer, might increasing the molecular weight
influence the chain dynamics to such an extent that there would be observable effects on the bulk material's
morphology? The need arose to determine whether or not molecular weight played a role in the
organization of ESAs, and if so, could its effects be decoupled from those due lo changes in charge density.
In order to probe the effects of both molecular weight and charge density on the phase behavior of
these amphiplexes, polymers across a wide range of each variable needed to be acquired. Molecular
weights on the order of 10\ 10\ and 10^ g/mol and charge densities of 100, 70, 40, and 10% made up the
required experimental matrix. Several of these were already available in our laboratory but the majority
needed to be produced.
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The opening part of Ihis chapter is organized as described just above, with discussion first on
phase transitions, then moving to sweUing behavior. It is worth noting, however, that at the inception of this
project, the primary goal was to swell PSC unit cells. Wo will show thai this was only possible alter
addition of co-surfactanl, of which transition from one morphological phase to another was another effect.
It should be made clear that there is no argument here that a phase transition is a prerequisite for swelling,
or that one phase necessarily swells more readily than another. Rather, phase transitions and swelling are
both phenomena that occur upon addition of co-surfactant.
2.1.2. Experimental
Polyacrylic acid (PAA, MW=5100, sodium salt) and alginic acid (AA, medium viscosity, .sodium
salt) were prepared in two weight percent solutions in RO water. Poly(acrylic acid-acrylamide) (P(AA-Ac),
sodium salt) copolymers of 70 (MW-2()(),()()()) and 40% (MW=10M) acrylic acid units were prepared in
five and one weight percent solutions in RO water, respectively. Approximate salt concentrations lor these
solutions are 200, 100, 400, and 50 mM, respectively. Polyelectrolyte-surfactanl complexes were made by
combining 10 mL of polyelectrolyte solution wilh enough 25 weight percent cetyltrimethylammonium
chloride (CTAC) solution to achieve charge neutralization, followed by thorough shaking in centrifuge
tubes. A white precipitate was formed that rises to the top of the supernatant liquid. Co-surfactant (pentanol
or oclanol) and a hydrophobic component (dodecane) were added immediately after precipitation and the
lubes shaken vigorously again. Co-surfaclant and oil amounts are described in terms of weight percents
wilh respect to surfactant ("wrt CTAC") and approximate volume fractions of the whole amphiplex. One
exception is in Appendix A, where compositions are given as weight fractions of the whole. Places in the
text where only "volume fraction" is staled, it is understood that this refers to the fraction of the whole.
Samples were ccntrifuged to ensure total uptake of co-surfactant and oil; amphiplex preparation was
considered to be complete when there was no liquid layer visible on top of the solid material. All samples
arc stored in the tubes in which they were formed wilh their superuiatants and are considered to be in
equilibrium wilh their surroundings in regards to their water and salt content. The copolymers were
obtained from Polysciences, Inc. and the rest of the chemicals obtained from Sigma Aldrich. All were used
as is. The Polysciences copolymers were later examined to determine their precise acrylic acid content and
found lo be 66 and 33% charge. They will continue to be referred to as 70 and 40%.
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The bulk of the small-angle X-ray scattering (SAXS) measurements were performed using a
Rigaku RU-H3R rotating anode X-ray diffractometer (operating at 1.2 kW, equipped with a multilayer
focusing optic: point focus (100 ^Jmf - Osmic Inc., type CMF23-46Cu8) producing 8 keV Cu Ka radiation
at a wavelength of 1.54 A and a home-built evacuated Statton-type scattering camera. Scattering patterns
were acquired after 10-15 minute exposures with 10 cm x 12.5 cm Fuji ST-VA image plates in conjunction
with a Fuji BAS-2500 image plate scanner. Some measurements were done at the X27c beamline at
Brookhaven National Laboratory (Upton, NY) using a similar image plate process; plate size for these
experiments was 20 cm x 25 cm. X-ray radiation at BNL was 1 .37 A and exposure times between 90 and
120 seconds. Cholesterol (Aldrich, first diffraction peak corresponding to a d-spacing of 33.6 A) was used
in-house and tricosane (Aldrich, first diffraction peak corresponding to a d-spacing of 31.1 A and
diffraction peak of greatest intensity corresponding to a d-spacing of 4.13 A) at both locations to calibrate
the camera length. The X-ray scattering intensity profiles were obtained from angular averages of the
scattering pattern intensities, using procedures developed by our research group for the Igor Pro software
package (Wavemetrics, Inc., Lake Oswego, OR). Times ranging from one day to several weeks were
allowed to pass between sample preparation and x-ray analysis, but the duration had no influence on the
structures observed. The sample holder is designed such that the sample is in contact with a small reservoir
of its supernatant and sealed against the vacuum of the x-ray chamber. This ensures that no change occurs
in the sample from creaUon to storage to x-ray examination.
A range of polymers of different molecular weights and containing different charge densities was
created by adapting a published base-catalyzed modification reacfion^' to work with P(AA-Ac)
copolymers. For the MW~10^ set, a 1500 g/mol polyacrylamide (Aldrich) was used as the starting material;
for the 10^ set, a 200k g/mol 10% charged P(AA-Ac) (Polysciences); for the lO"^ set, a 15M g/mol 1.5%
charged P(AA-Ac) (Aldrich). The two lower molecular weight polymers were prepared in 2 wt% solutions
in RO water and the 15M prepared in 1 wt% solutions. Solutions in stainless steel beakers were placed in
oil baths and the temperature slowly raised to SOT. Maintaining the temperatures between 80 and 100°C,
2M NaOH was added dropwise to the rapidly stirring solutions. Upon complete addition of reagent, the
temperature was allowed to rise to between 100 and HOT. The hydrolysis reaction that converts
acrylamide units to sodium acrylate units takes place during this heating as the water is boiled off.
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Depending on the vigor of ihe evaporation—in some cases very minimal, in some cases resulting in
bubbling—the polymer product left behind alter solvent removal could range from a clear, colorless film or
a brilllc, foamy solid. Foams occasionally had slight color lints to them that occurred during the hydrolysis
reaction but the reason behind the change was not investigated. Polymer product was removed and placed
under vacuum at 40°C overnight to remove any residual solvent.
Being a catalysis reaction, its extent of completion is dependent on its duration. While the
procedure described above was consistently finished within two hours, this by no means provides absolute
assurance that the degree of hydrolysis in the resulting polyelectrolytes was as expected. For quantitative
determination of charge density, '^C nuclear magnetic resonance (NMR) was performed. Spectra were
obtained on a Bruker 600MH/ AVANCE spectrometer using an indirect TXI probe. Spectra were obtained
with proton decoupling, a 45*^ '^C pulse, 1.5 second acquisition, and 10 second recycle delay. Samples of a
concentration 50-75 mg/ml in water generally required several hours to yield intcgrable peaks for
compositional analysis (details below). The same procedure was used to verify the charge content of the
Polysciences copolymers that were used as is (70 and 40% charge according lo the manufacturer).
There was no difficulty preparing solutions for NMR for the two lower molecular weights, however the
-10^ g/mol copolymer was loo viscous lo load into NMR lubes. For those in this high molecular weight scl.
purified polymer solutions in the concentration range menUoned above were ultrasonicated to reduce their
molecular weights and, consequently, their viscosities. A Branson Sonifier 450 with a 0.5" tapped step horn
and flat tip; operating at a power of level of 6, duty cycle of 50%, five limes for three minutes each; was
sufficient to reduce the viscosity to the point where it could be easily pipellcd into NMR lubes. Sample
volumes were slightly hoi lo the touch afier sonication and were allowed to cool to room temperature
between each time. It should be noted that the only expected change to the polymer during this process is
chain scission and molecular weight reduction; work on otiicr polymers reveal no change in chemical
structure."^^ The kinetics and mode of chain scission—random, Gaussian, central—can vary fiom polymer
to polymer'^'' but again, the details of this degradative process are unimportant for this study. The essential
aspect is that molecular weight is reduced and no other change lo the chemical structure has occurred.
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2.1.3. Results and Discussion
2.1.3.L Phase Transitions
The observed trend for these complexes, regardless of polyelectrolyte or co-surfactant, is a
morphological transition from a PmJn cubic array of spheres to hexagonally packed cylinders to stacks of
lamellae. This is accomplished through insertion of short-chain alcohol molecules between the larger
surfactant molecules in the micelles, changing the natural curvature of the structures dictated by
hydrophobic interactions and the surfactant molecules' packing geometry. ^^ '^ More specifically, the
transitions follow a reduction in the spontaneous curvature of the system—spheres have curvature along
two axes, cylinders along one, and lamellae none.
SAXS traces show the phase transitions induced by addition of pentanol in complexes of CTAC
with PAA, 70% charge P(AA-Ac), and AA in Figure 1. The cubic phase is evidenced by the cluster of three
peaks at ratios of V4, V5, and V6 that represent the 200, 210, and 21 1 planes (these are the strongest
reflections; other reflections are clearly visible); the hexagonal phase by peaks at ratios of 1, V3, ^i4, ^7,
and V9 that represent the 100, 110, 200, 210, and 300 planes;^"^ and the lamellar phase by peaks at
consecutive whole number ratios representing the 100, 200, 300 planes and so on. The volume fraction of
co-surfactant is indicated for each trace. The broad peak of low intensity at higher scattering vectors for
some of the traces is due to mylar windows in the experimental setup and unrelated to the nanostructure of
the sample.
There may be some concern that what has been deemed a lamellar structure is actually a
hexagonal structure with its unique peaks missing due to form factor extinctions or other reasons, but this is
not believed to be the case. In the regime where co-surfactant amount is increased and the scattering
patterns are distinctly hexagonal, there is negligible change in the d-spacing of the unit cell, as calculated
from the location of the 100 reflection. At sufficient loadings of pentanol, however, we see a significant
drop in the d-spacing of the first peak and it is believed that this signals a morphological rearrangement.
Figure 2 shows unit cell sizes for a wide range of pentanol contents, given as a weight percent with respect
to the surfactant. The first two samples show a cubic phase with unit cell spacing greater than lOOA, the
middle portion represents the hexagonal with a spacing around 42A, and the last two show lamellar
spacings of about 38A. The samples containing 10 and 100% pentanol w/w exhibit a helpful
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0.2 0.3 0.4
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Scattering vector, q (A ^)
Figure 1: Phase transitions lor several polyeleclrolylcs with CTAC and penlanol, volume Iraclion of
penlanol lor each sample is indicated.
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coexistence of phases, where the spacing of the second phase matches the spacing of ihc single phase
samples that follow.
120
100
80
u
n
^
60
8
I 40
20
Cubic phase
Hexagonal phase
Lamellar phase
12 14 16 18 20 30
wt%pentanol (wrt CTAC)
50 100 125
Figure 2; Unit cell sizes for samples of varying pentanol content, pentanol content given as a weight
percent with respect to the surfactant. The 10 and 100% samples have two bars because of phase
coexistence and there is a bar for each.
Additionally, there is no evidence of hexagonal peaks during swelling of what is assumed to be
lamellar phases. Earlier work has shown that changing the unit cell size of the hexagonal phase can either
obscure or reveal peaks of lower intensity, particularly the V3 peak.'^ In the absence of this phenomenon
we conclude that the system has transitioned from hexagonal to lamellar.
One immediately sees slight variations in the general trend as a result of charge density, sterics,
and molecular weight, and which manifest themselves in terms of the amount of pentanol a particular
polyelectrolyte requires for each transition. In regards to charge density, assuming the total charge per
micelle is fixed when originally formed, at charge neutralization a polyelectrolyte of lower charge density
along its backbone will have more polymer per charge in the complex. A greater amount of polymer in the
complex reduces its ability to rearrange and consequently more pentanol is needed to induce the transition.
This holds true for both cubic to hexagonal and hexagonal to lamellar transitions (Figures Al and A6 in
Appendix A). The expanded portion of the PSC-pentanol axis shows precise compositions of the cubic to
hexagonal transition. In regards to the hexagonal to lamellar transition, one notices that at a pentanol
weight fraction of about 0.26, the PAA-CTAC complex shows coexistence whereas the 70% charged
copolymer is still hexagonal. The coexistence indicates the onset of a phase transition; this onset is earlier
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in the lully charged system as expected. These are essentially a steric eflecl which is also observed in the
difference between PAA and AA complexes' phase transitions. The bulkier monomer units in AA lead to
greater difficulty for the polymer to rearrange as compared to PAA,
This is corroborated dramatically when the characteristic dimension of the unit cells is compared
between the 40% charged P(AA-Ac) and all other systems. Table 1 shows unit cell dimensions
corresponding to the location—or the calculated location in the case of the PmJn cubic—of the 100 peak
for each phase. For both the cubic and hexagonal morphologies, the 40% charged material has a noticeably
larger unit cell than all other systems, which are nearly identical. Not only does the crowded, low-charge
density polymer resist the phase transitions easily accessible in the other systems, it clearly expands the
nanoslructures characteristic of these PSCs.
AA PAA 70% charge P(AA-Ac) 40% charge P(AA-Ac)
Cubic 108 109 112 127
Hexagonal 43 42 44 49
Table 1
:
Comparison of cubic and hexagonal unit cell sizes for different polyelectrolytes. Cubic phases
contain no co-surfactant or dodecane and the hexagonal phases contain 50 wt% pentanol wrt CTAC. d-
spacings arc given in A.
Co-surfactant type influences the transition also, with octanol inducing morphological changes at
smaller amounts than that for pentanol (data not shown). This behavior is intuitive, as one would expect a
longer molecule to disrupt the surfactant packing to a greater extent. There is a limit to the length of co-
surfactant used to induce the phase change, however, and octanol is very near that threshold. In order lor it
to be effective, the molecule must have some solubility in water and be able to partition itself between the
hydrophobic micelle core and the surrounding medium. Otherwise it would insert itself fully within the
hydrophobic micelle interior where it would have no effect on the structure or be completely excluded from
the complex due to limited space within the micelles. Dodecane, a hydrophobic species with no solubility
in water, behaves in such a fashion when added to the system in the absence of any co-surfactant. As Figure
3 depicts, addition of dodecane to PAA-CTAC complexes does not produce the phase changes observed
with pentanol. Peak broadening and shift to lower scattering vector indicate disruption of the unit cell and
limited uptake of dodecane into the micelles. The appearance of a peak at ^ = 0. 147 unrelated to the cubic
phase may be the onset of a hexagonal structure, but no lull and clean transition to that phase is possible
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when dodccane alone is added to the system. In regards to the initial goal of this project, Figure 4 also
demonstrates PSCs^ limited ability to swell. This is overcome by addition of co-suriactanl. as will bo seen
below.
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c
c
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0.35
Figure 3.- Addition of dodccane alone to PAA-CTAC complexes, volume fraction of dodccane for each
sample is indicated.
0.05 0,10 0.15 0.20 0.25 0.30
£-1
Scattering vector, q(A )
Figure 4: Examples of coexistence. ESA is 70% charge P(AA-Ac). Volume fractions of the other
components arc given as penlanol/dodecane.
The mixture of phases as just noted was present throughout much of this system's phase diagram,
located in the regions between one morphology and another. The coexistence between cubic and hexagonal
structures is best observed when both dodccane and penlanol are present (Figure 4), in contrast to additions
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of pentanol alone thai produce quick and clean phase transitions (Figure 1). Complexes whose
compositions fall in this domain can show a mostly hexagonal morphology with only one additional
unidentified reflection (Figure 4 top trace), a mix of cubic and hexagonal (center trace), or a series of
unidentifiable reflections (bottom trace). For the bottommost trace, the peaks are unidentifiable insofar
;
they do not represent one particular space group when considered all together. However, their locations
roughly correspond to two lamellar structures or hexagonals with a very weak V3 reficction (or a
combination thereof), as in the case for AA-CTAC-octanol. The coexistence between hexagonal and
lamellar structures is much more defined in this system, as is shown in Figure 5. A minimum of three
refiections for each phase is clear. We will return to the issue of coexistence later.
0.1 0.2 0.3 0.4 0.5
Scattering vector, q(A"^)
Figure 5: Coexistence of hexagonal and lamellar structures in AA-CTAC upon addition of octanol. Volume
fraction of octanol for each sample is indicated and the dots indicate which peaks belong to which phase for
each.
2.1.3.2. Swelling Behavior
Following co-surfactant introduction to the system, dodecane is added to swell the structures, and
the d-spacing growth for both is well characterized (Figure 6). We see a growth from 42 to 87A in the case
of hexagonal structures and from 42 to 60A for the lamellar, sizes determined from the location of the first
peak in all traces. Figure 7 tabulates unit cell size versus dodecane content for both phases. The presence
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Scattering vector, q(A"^)
Figure 6; Swelling of PAA-CTAC complexes containing a) 50 wt% pentanol wrt CTAC, creating
hexagonal phases. Dodecane volume fraction for each sample is indicated. Coexistence is present for some
samples (second peak in 0.0 and 0.33) but will be ignored until later, b) 75 wt% pentanol wrt CTAC,
creating lamellar phases. Dodecane volume fraction for each sample is indicated.
Dodecane volume fraction
Figure 7: Ignoring coexistence, the d-spacing corresponding to the 100 peak for hexaganol and lamellar
phases are plotted as a function of dodecane content. PSC is PAA-CTAC, co-surfactant is pcnlanol. For the
hexagonal phase, 50 wt% wrt CTAC pentanol was used; for the lamellar 75 wt % wrt CTAC.
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Figure 8: Visualizalion ol o'\\ uptake, forming ESAs. a) Complex containing 14% by volume of pentanol
stuck to the bottom of a tube in its own supernantanl liquid, b) Addition of dcxlecane with Nile Red
solubilized within, c) After mixing the entire contents, the dodecane is fully incorporated into the solid
material {437(> by volume. Nile Red appears red when interacting with the surfactant, d) After
centrifugation, all components compress into a solid layer floating on the supernatant. Close inspection (not
shown) of the complex shows no yellow liquid layer any longer.
of coexistence in some of the traces in Figure 6 renders statements regarding unit cell sizes and extent of
swelling ambiguous, as it is difficult to determine how much dodecane partitions in the hexagonal phaseand
how much may be within other structures. However, for the present discussion only the dimension of the
well-defined hexagonal phase is of concern: the issue of coexistence will be addressed later.
We assume that increase in d-spacing is due for the most pari to incorporation of dodecane into tiie
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micelle interiors, forcing them to expand, and not due to expansion of the micellar arrays without changing
micelle size (i.e. an increase in the separation distance between micelles without changing their size). There
is a fair amount of scatter at high dodecane loadings (volume fraction > 0.4) which may be obscuring a
plateau in the data, indicating a maximum possible swelling for this particular ESA composition (of PSC
and co-surfactant). Visual inspection of these particular samples shows no unincorporated dodecane
floating atop the ESA, however for ESA compositions where complete dodecane uptake would amount to a
volume fraction greater than 0.5, there is noticeable unincorporated dodecane, which persists even after
several days and extensive agitation of the ESA.
Figure 9: Pioposed schematic of the swelling of a ESA. Co-surfactant molecules are the white ovals
between surfactant molecules and the oil is the cylindrical core within the micelles. Polyelectrolyte is
represented by the loosely packed chains surrounding cylindrical micelles. Number of surfactant and co-
surfactant molecules per micelle and relatives sizes of the components may not be drawn to scale.
Figure 8 shows a simple visual demonstration of complete oil uptake. The yellow liquid layer in
Figure 8b is the hydrophobic dye Nile Red dissolved into dodecane. The PSC is less dense than the
supernatant out from which it precipitated but has been stuck to the lube bottom for clarity. When the
contents of the tube are thoroughly mixed, all the dyed material is clearly contained in the solid complex;
the dodecane is fully taken up by the precipitate. The color change is due to the dye interacting with the
surfactant and actually helps to show the complete uptake of oil, as close inspection of the tube contents
shows no residual yellow liquid. Figure 9 illustrates a suggested schematic of all components airanged in a
hexagonal phase. Polyelectrolyte is represented by the loosely packed chains surrounding cylindrical
micelles. The cross section of the micelles reveals the surfactant molecules with hydrophilic heads facing
outward and hydrophobic tails extending inward. Co-surfactant is depicted as white ovals inserted between
surfactant molecules and the oil as the cylindrical core within the micelles. The number and relative size of
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all components are not drawn to scale, and there is believed lo be a significant amount of water with the
polyelectrolyte in the interstitial spaces between micelles. Also, it should be clear that the discussion thus
l^ar has focused only on the domains thai give rise to scattering in SAXS—the ordered domains of the RSA.
It is possible that unordered domains are contained within the solid material ol the ESA as well, and some
of the dodecane uptake may occur in these regions. Therefore, Figure 9 is an envisioning of what the
ordered domains look like, but is not necessarily characteristic of the entire ESA.
2.1.3.3. Molecular Weight and Charge Density
As an arbitrary starting point for developing the synthetic procedure lor this work, we initially
used a molar equivalent amount of NaOH lo the desired acrylate content in the reactions. In samples thai
the target charge density was not achieved, the quantity of NaOH was adjusted and the reaction repeated.
Proper amounts of NaOH were eventually determined thai would provide the desired charge densities. The
highest charge density achievable was 92%, and this was deemed to be of high enough density for
comparison to fully charged systems in the lower molecular weights. Initial reactions with the 200k g/mol,
10% charged P(AA-Ac) were quite underestimated until calculations were done assuming a starting
material of zero charge instead of 10%. Table 2 summarizes the finalized set of copolymers of varying
molecular weights and charge densities.
^Molecular weight (g/mol)
PdcnsilyV 10^ 10' 10^
-100% 5100/ 100 250k/ 100 1 5M / 92
-70% 1500/ 6X 2()()k / 70 15M /76
-40% 1 500 / 4
1
2()()k / 43 lOM/40
-30% 1500/31 200k/ 31 I5M/30
-10% 1500/9 200k/ 11 15M/7
Tabic 2: All the P(AA-Ac) copolymers of varying molecular weight and charge density. Copolymer
identity given as [molecular weight / charge density]. Boxes with heavy outline indicate materials that were
available in the laboratory; all the rest were produced by the hydrolysis reaction described in the text.
Shaded bt)xes indicate materials whose complexes showed liquid-like scattering in SAXS.
It should be noted here that the two copolymers used directly from the manufacturer (labeled 20()k
/ 70 and lOM / 40 in Table 2) were tested for charge content in the manner of the other copolymers created
in our laboratory. Their charge densities were slightly lower than reported by Polysciences—66 and 33%
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Figure 10: '^C NMR spectra on 15M g/mol 1.5% charge
P(AA-Ac) at various extents of hydrolysis. Charge
densities shown, calculated from relative integrated values
of acrylate (A) and acrylamide (B) carbonyl carbons.
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charge, respectively, bul this in itself is not believed to have an enormous effect on the following results.
What may be more significant is that the method by which these copolymers were synthesized is unknown,
a point to be returned to momentarily. Both will retain their nomenclature of 70 and 40% charge in the text
below.
The literature provides spectra analysis methods.'^^- To summarize, there are two regions where
signature peaks for each monomer type appear: between 35 and 45 ppm (letramethylsilane = 0 ppm) and
between 180 and 185 ppm. The carbonyl carbon in both monomers gives rise to the latter set, whichallows
for accurate determination of acrylate-to-acrylamide ratio—and hence, charge density—as there is less
overlap of distinguishing peaks. A high resolution instrument is able to observe two distinct clusters in this
chemical shift range, with the one corresponding to the acrylate unit at the higher shift. Splitting within
each cluster is related to triad arrangement along the chain, which has no bearing on the integrated values
used to calculate charge density.
The results from selected hydrolysis reactions of the I5M g/mol polymer are shown in Figure 10.
As is evident, the degree of hydrolysis can be finely tuned, which in turn proves the utility of this reaction
to produce the range of copolymers needed for this study. These and additional NMR spectra (including
those from the Polysciences materials) are gathered in Appendix B. All copolymers were then complexed
and made into amphiplexes as described previously, and a phase diagram was generated for each
(Appendix A).
Up to this point, all of the complexes dealt with have been solid materials precipitated from two
aqueous solutions. This remains true for the majority of the new copolymers produced by the method
above. However, at low molecular weights and charge densities the nature of the complex changes—
a
liquid-liquid phase separation occurs (Figure 11) rather than a solid precipitation. These liquid complexes
are, in contrast to their solid counterparts for other polymers (Figure 8a), denser than their supernatants and
show only a single, low-intensity, broad peak in SAXS (Figure 12). Some leave behind a supernatant that is
clear and colorless, others an opaque suspension of weakly associated PSC. We observe this behavior at
approximately 30% charge density and lower for the - 10^ g/mol molecular weight and 1 1% charge density
and lower for the -10^ g/mol molecular weight. For ~ 1
0'' g/mol molecular weight polymer, similar liquid-
like scattering occurs at a charge density of 7% (Figure 12), though its macroscopic rheological behavior is
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Figure 11: Photographs ofliquid-like PSCs, seen at the bottom of each tube: (a) 1500 g/mol, 9% charge
P(AA-Ac)-CTAC complex (b) 200k g/mol, 11% charge P(AA-Ac)-CTAC complex.
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15M g/mol, 7% charge
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Figure 12: SAXS ti'aces showing liquid-like order for ESAs made from low charge density P(AA-Ac).
Molecular weights and charge densities indicated. Both contain 10 wt% dodecane wrt CTAC.
quite different, being much more "solid-like" at short time scales—sticky and fibrous. However, as the
salient features of these materials—phase behavior and nanostructure—are best observed through
scattering, classification of PSCs must follow the results from scattering as well, and therefore the
complexes made with high molecular weight, 1% charge copolymer are considered to be like the other
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liquid-like complexes in Figure 12 and it is expected that at appropriate time scales, its rheology would also
prove to be liquid-like. Summarizing and using Table 2 as a reference, the liquid complexes occur for
polymers across the bottom of the diagram, with the solid-liquid boundary slightly higher for the low
molecular weight than for the high.
The argument presented earlier in regards to the effects of charge density on solid PSC phase
behavior can be extended into this liquid PSC regime. In order to achieve charge neutrality with a given
micellar array, a copolymer of lower charge density pulls in a greater amount of polymer into a complex
than a more highly charged one. There simply are more uncharged units for every charged unit in the
copolymer. It has already been shown that decreases in charge density lead to reduced complex tlexibility,
reduced crystallographic order, and expansion of the unit cell. Further decrease in charge density amplifies
these effects and eventually leads to disruption of the complex to the extent that solid materials can no
longer be sustained and liquid complexes are formed instead. The need to accommodate greater lengths of
the polymer backbone that do not participate in the electrostatically driven binding events between it and
surfactant micelles prevents the tight packing required for solid complexes with long-range order,
a)
.
b)
15M g/mol 1 00% charge
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Scattering vector, qr(A )
r
0.25
T ! 1 r
0.10 0.15 0.20 0.25
Scattering vector, q(k )
0.30
Figure 13: SAXS traces showing increasing peak broadening with a) increasing molecular weight and b)
decreasing charge density. All ESAs in (a) are from fully charged polyelectrolytes and contain 50 wt%
pentanol and dodecane wrt CTAC. All ESAs in (b) are -10^ g/mol, also containing 50 wt% pentanol and
dodecane wrt CTAC. The bottom trace in (a) and the top trace in (b) are the same, showing a hexagonal
morphology with an extra unidentified coexistence peak (second peak).
The fact that the threshold charge density between liquid and solid complexes decreases with
increasing molecular weight is intuitive. Longer chains experience a greater degree of entanglement on a
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molecular level. At a macro level, entanglcmenl leads to high viscosity and viscoelastic materials as
described previously. At the right hand side of Table 2 where the molecular weight is four orders of
magnitude higher than the left hand side, entanglement draws the polymer out of solution with greater ease
even at very low charge densities. Complexing only a small fraction of the chain induces precipitation
readily. One is reminded that the notion of low charge density interfering with the morphological order is
still quite pertinent for high molecular weight polymers. Entanglement defines the liquid-solid complex
boundary, however it is the sterics related to charge density that govern packing and long-range order.
Examination of the phase behavior of the copolymers in the rest of Table 2 reveals other trends,
trends which are consistent with the arguments given above even as the amphiplexes formed from the
first three rows of this table are all complexes with strong, solid-like scattering and multiple reflections in
SAXS. Moving simultaneously from left to right and top to bottom, several patterns become clear in the x-
ray data: peaks broaden (Figure 13), the incidence of coexistence increases (Appendix A), and the amount
of co-surfactant required to induce a cubic-to-hexagonal phase change increases (Table 3).
10' g/mol 10' g/mol 10' g/mol
100% charge 1 9 ± 1 10 ± 1
70% charge 8 ±2 5 25
40% charge 27 ±3 27 ±3 >50
Table 3: Weight percent (with respect to CTAC) of pentanol required to induce a phase change from cubic
to hexagonal for various polymers. Ranges are given when exact amounts are unknown. No complete phase
change was observed for the 10^ g/mol, 40% charge polymer even at 50 wt% pentanol.
The intent of this particular set of experiments was to decouple molecular weight and charge
density effects that were not well controlled or isolated in the original amphiplex work, to determine if one
parameter or the other was the dominant factor in phase behavior. The data presented instead point to both
having an influence on the physical properties of these ESAs. None of the trends described occur solely
along one axis or another in Table 2; rather they become apparent as one moves in diagonal motions across
the table. The location of the liquid-solid complex boundary reflects this, as well as the data presented in
Table 3.
The PSC system that requires the least amount of co-surfactant for phase change is the one of the
lowest molecular weight and greatest charge density, at the top left corner of Table 3. Moving in either
direction away from the corner, that amount increases for the most part. Transitions occur completely (in
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other words, no coexistence at the first appearance of the hexagonal morphology) and at fairly precise
compositions until the molecular weight increases to -lO'' and the charge density decreases to -^40%— the
data set that prompted this comprehensive look into weight and charge. For this copolymer, there is much
more coexistence and the scattering peaks quite broad, and even with up to one fourth of the complex
weight in co-surfactant there is no sole hexagonal phase. Less than 40% charge density, long-range order
disappears and SAXS shows only single, broad peaks for all PSCs in all compositions.
What was done in part in Table 1 is done more fully in Table 4. Here, the most noticeable
increase in unit cell size takes place when both molecular weight is very high and charge density is
relatively low—for the lOM g/mol, 40% charge density material from the initial amphiplex work. Across
four orders of magnitude in molecular weight and down to approximately 70% charge, there is negligible
difference in the characteristic dimension of the unit cell. As the charge density decreases to approximately
40%, the hexagonal unit cell experiences a slight increase. Had this also occurred with the cubic phase, one
might be inclined to believe that charge density is the principle cause. However, for the molecular weights
of -lO'^and -10''g/mol, the cubic unit cell is no different from copolymers of higher charge density while
that of the -10^ g/mol molecular weight is strikingly greater. In order to witness significant expansion of
the unit cell in both morphologies, arguably both molecular weight and charge density must be changed.
10' g/mol 10' g/mol 10' g/mol
100% charge C: 109 C: 110 C: 111
H: 42 H: 43 H: 44
70% charge C: 110 C: 112 C: 110
H: 44 H; 44 H: 43
40% charge C: 110 C: 110 C: 127
H: 46 H: 47 H: 49
Table 4: Unit cell dimensions (A) of various polymers for (c)ubic and (h)exagonal phases. Cubic
dimensions come from PSCs with no pentanol or dodecane. Hexagonal dimensions come from the first
appearance of verifiable hexagonal peaks (a minimum of the first three hexagonal refieclions) as pentanol
is introduced to the PSC.
Some caveats are appropriate as these data are considered. First, although the dimension of the
hexagonal phases listed in Table 4 are quite reproducible, the 2-3A increase at 40% charge for the 10'^ and
10^ g/mol molecular weight polymers may not be statistically significant. This leaves only the highest
molecular weight 40% charge material to carry the trend in the data and a single data point is inconclusive
at best.
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Secondly, the reaction chemistry used by ihc nianulacturcr io produce the polyeleclrolylcs is
unknown and hence the extent oi blockiness of the charged and uncharged groups is also unknown. Triad
analysis of P(AA-Ac) polymers of various compositions show that mixed triads occur in the greatest
proportion and homogenous triads constitute smaller proportions on either end of ihc triad distributions.^^
We can therefore be reasonably confident that the copolymers produced for this work bear the same
statistical distribution of charged and uncharged moieties. The same assurance can not be guaranteed for
the Polyscicnces products and a detailed examination of their triad distributions is beyond the scope of this
thesis. Consider, then, the possibility that the different monomer types along the backbone are blocky rather
than randomly distributed. For very high or very low charge densities, the difference between a blocky and
randomly distributed polymer may be insignificant, but for polymers where the fraction of the two are close
to being equal—including the 40/60—the extent of blockiness should have a discernible impact on its self-
assembling behavior. When forming a PSC, a polyeleclrolyte with randomly distributed charged units
would still pull nearly the entire chain into the complex. A polyelectrolyte with blocks of charge, on the
other hand, could form well-defined PSC nanostructures in the charged regions while uncharged domains
of the chain extend and gather elsewhere. What would result perhaps is material with areas of ordered
complex interspersed with areas of unordered, uncharged lengths of the polyclelrolytc backbone. The phase
behavior and appearance in SAXS of such a PSC would be distinct from that of PSCs consisting of
polyelectrolytes of randomly distributed charge units, the type of polyelectrolyte assumed for this research.
One might go as far as interpreting the SAXS data for the lOM g/mol, 40% charge PSCs shown in this
work as the scattering of long-range ordered domains overlaid onto the scattering of short-range ordered
domains with a large distribution of average distances between them, a scenario where the multiple
refiections of a well-ordered morphology overlap with a broad scattering hump of average length scales.
The bottom line is that without a confident knowledge of the distribution of charged units for the lOM
g/mol, 40% charged material, its PSC behavior becomes difficult to interpret and integrated with the data
for the other materials. The data for the 2()()k g/mol, 10% charged Polyscicnces P(AA-Ac) must be
approached with the same caution; its data in Table 4 are consistent with its neighboring points while it
looks anomalous in Table 3.
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Lastly, there are slight variations in the salt content tor these systems. The experimental section
has already made note of this for the polyelectrolytes used as received from manufacturers, and
unfortunately this shortcoming in the experimental design was carried through for the polyelectrolytes
created for this work. The polymers in the first two columns of Table 2 were prepared in 2wt% solutions
(with the exception of the Polysciences 70% charge) and clearly the salt content will decrease with
decreasing charge density if the weight fraction of polymer is kept constant. Likewise, the last column
where solutions are in 1 wt% preparations will have the same trend. This also means that the salt content
changes as one moves across the table from column to column. We will see later on that change in the ionic
strength of the solution produces measurable changes in unit cell d-spacings for these materials (Figure 18).
The magnitude of these induced changes is comparable to the difference in spacings in Tables 3 and 4. This
lends some ambiguity to those data, as it is unclear what contribution ionic strength has on the ESA unit
cells, and if that contribution would be strong enough to dominate over those due to charge density or
molecular weight.
We probed the extent of swelling for these polymers' hexagonal phases in the manner of the
previous ESA work. Copolymers of all molecular weights down to a charge density of -40% were loaded
with incremental amounts of dodecane up to 175% of the surfactant weight and examined in SAXS.
Consistent with the data collected on unswollen unit cell sizes presented above (Table 4), the maximum d-
spacing achieved was essentially the same for the highest charge density polymers for all molecular
weights. It is not surprising that, if the highest charge density polymers were found to assemble into
hexagonally packed complexes of the same size, they would all swell in a similar fashion. As the charge
density falls to -70%' however, only the low molecular weight copolymer was ordered well enough to
identify the hexagonal phase; all others showed broad peaks that could not be indexed to any morphology.
As expected, the 1500 g/mol, -70% charge polymer's maximum swelled unit cell dimension was less than
those of the highest charge density. These numbers are gathered in Table 5. It is worthwhile to note that
while the coexistence is great in the ESAs where no space group could be identified, the location of the
broad peak of greatest intensity for all of them fell in q ranges that would correspond to a unit cell
dimension of -70A. Hence, the extent of swelling is systematically reduced across the board as charge
density decreases. This is a departure from the unswollen unit cell sizes, which instead increased
slightly
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with decreasing charge density. A reasonable conclusion, therefore, is that the bulkiness and innexibility of
the lower charge density PSCs leads to slightly expanded unswollen morphologies also prevents the PSCs
from accommodating as much oil as their more highly charged relatives.
10 ' g/mol lOVmol 10' g/mol
100% charge 87 85 84
70% charge 68
40%' charge
Table 5: Maximum observed hexagonal d-spacings (A) of various polymers. ESAs contain 50 wt%
pentanol and 175 wt% dodecane (both with respect toCTAC content). The extent of phase coexistence for
the polymers in the shaded boxes was so great that a hexagonal phase could not be identified. However, the
peaks of highest intensity occur in a range corresponding to d-spacings of approximately 70A.
2.2. Controlling Coexistence by Fixing Chemical Potential
2.2.1. Concept and Motivations
Determining phase diagrams including regions of coexistence was fundamental to this work,
however there was also strong interest in establishing a method for isolating single phases from samples
that show coexistence when first made. Among the motivations for this research was to lay foundations for
the development of useful, nanostruclured materials, which ultimately requires both well-defined systems
and reliable techniques for their creation. The amphiplexes described here are stable over months; their
morphologies remain unchanged whether they be pure phases or coexistent. Therefore we needed a
procedure that would push coexistent samples into stable, single-morphology states. This section uses the
term "equilibration" and its various forms extensively. It has already been mentioned that PSCs and ESAs
are in equilibrium with their supernatants in regards to the water content and this still holds for the
discussions in this secfion. The use of "equilibraUon" in this secfion, therefore, should be taken to refer to
the process by which a single morphology is achieved in a ESA.
Despite the complexity of the system in regards to the number of components involved, the ones
that need to be carefiilly controlled in order to produce a single-phase system are actually few.
Polyelectrolyte and surfactant content are fixed and unchanging since the systems are at charge neutrality;
no excess of either is present. If the polyelectrolyte content is fixed, the water content associated with it
will be as well. Storing the samples with their supernatant is further assurance that the water content is
constant. The dodecane partitions only within the hydrophobic domains of the micelles and there is no
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concern about its mobility in and out of ESAs as they are formed. This leaves only the salt and co-
surfactant as species that can easily pass between the ESA and the supernatant. As co-surfactant content is
directly tied to morphology, controlling its content globally—i.e. fixing its chemical potential within and
without the ESA—should therefore allow the systems to find a single morphology stale. Hence, the aim of
work to be described concerning coexistence will be to lock in the contents of these two mobile
components, and determine the consequent effect on the nanostructure.
2.2.2. Experimental
Equilibration was done by taking approximately 50 mg of ESA material and placing il in
approximately 10 mL of salt/co-surfactant equilibrating solufion. Note that these samples arc the fully
formed ESAs from the previous chapter and contain PSC, co-surfactant, and dodecane. In the equilibrating
solutions, salt concentrations as reported here are based on the original volume of water, and the percent
amount of the co-surfactant reported here is the percent of the maximum weight percent that can be
solubilized at room temperature. Literature references give these maximum weight percenls as 2.2% and
0.054% for pentanol and octanol, respectively. Samples were left in equilibrating solutions for one week
before x-ray analysis. This equilibration protocol was applied to the full range of PAA-CTAC amphiplexes
made with pentanol as co-surfactant, and just to those showing hexagonal-lamellar coexistence in ihe
octanol system. No combination of co-surfactant and salt in the equilibrating solution has been yet found to
remove coexistence in the latter case. However, there were very strong effects for the pentanol
amphiplexes. Aside from the paragraph where it is explicitly stated otherwise, all equilibration data shown
are for ESAs that contain 50 wt% pentanol with respect to CTAC prior to equilibration.
2.2.3. Results and Discussion
We found that a solution containing 20% of the maximum pentanol solubility in water (from now
on referred to simply as 20%) and salt concentrations roughly between 1 and 100 mM are optimum for
removing coexistence and forming a purely hexagonal phase. Lower concentrations of pentanol produced
no change while higher concentrations disrupted the nanostructures until the amphiplexes themselves were
dissolved. Disruption of the structures was evidenced by the traces shown in Figure 14, where at 50% of
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Figure 14: The effects of too much pentanol present in equilibrating solutions. ESA is PAA-CTAC, 15%
pcnlanol and 42% dodccane by volume. Equilibrating solution is 1 mM NaCl and the percent saturation of
pentanol is indicated (refer to text for true meaning of this value).
pentanoFs maximum solubility, only one peak is shown in the x-ray scattering, as compared to four or five
previously. Occasionally the remaining peak or peaks were still very strong, meaning there was still a
characteristic separation distance between micelles, however, the absence of higher order peaks makes it
impossible to determine the morphology and also indicates the loss of long-range order. The effectiveness
of a range of equilibrating solutions is compiled in Table 6.
Figure 15 shows the swelling behavior with respect to dodecane content for samples equilibrated
in 100 mM NaCl, 20% pentanol. All samples have a distinctive hexagonal signature in the x-ray scattering.
As is shown, swelling—or in other words, uptake of oil—is very nearly linear until a plateau is reached.
This is perhaps better visualized in Figure 16, where the filled squares show the swelling behavior of the
hexagonal phase in the equilibrated ESAs. They arc plotted on the same graph as the unequilibralcd
hexagonal data, the same data points as in Figure 7. One is reminded that the dodecane content refers to the
oil fraction of the amphiplex prior to equilibration. At this point, why there is a plateau in the swelling
behavior is unclear. It is possible that the hexagonally packed micelles have rearranged in such a way as to
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Table 6: Effectiveness of equilibrating solutions on PAA-CTAC ESAs containing 50 wt% penlano! wrt
CTAC and the dodcane wt percents (wrt CTAC) indicated. Both quantities are prior to equilibration. NaCl
concentration and pentanol saturation in percent (refer to the text for the true meaning of this value) are
shown.
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Figure 15: Swelling of equilibrated PAA-CTAC ESAs containing 50 wt% pentanol wrt CTAC. Dodecane
volume fraction for each sample is indicated: Equilibration done in 100 mM NaCl, 20% saturated pentanol
(refer to text for true meaning of this value).
absorb the oil without changing the d-spacing, or, more likely, that at oil loadings above a volume fraction
of 0.3 the dodecane is expelled from the amphiplex during equilibration. This stands in contrast with the
coexistent samples where there was a continual expansion of the unit cell.
Variations in this behavior occur as the pentanol content in the original ESA is changed. Samples
made with 30 wt% pentanol with respect to CTAC do not respond as well to the equilibrating solution
thatwas so effective for the 50 wt%; coexistence remains after the same bathing procedure is applied and
there is no dramatic decrease in the swelled d-spacing at higher dodecane loadings. The plateau in swelling
is quite similar, however, as is seen in Figure 17. The dodecane content is shown this time as a wt% with
respect to CTAC, to allow for easier comparison across compositions, and all d-spacings are for the 100
hexagonal peak, ignoring coexistence if present. For greater amounts of pentanol, 75 and 100 wt%,
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Figure 16: Swelling behavior for PAA-CTAC, 50 wt% pentanol wrt CTAC before and after applying the
equilibration process. Hexagonal unit cell size is plotted versus the dodecane content prior to equilibration.
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Figure 17: Equilibrated hexagonal d-spacings versus dodecane content of PAA-CTAC ESAs containing
varying amount of pentanol. Both the pentanol content in the legend and the dodecane content along the x-
axis are the amounts in the ESA prior to applying the equilibration procedure and are given as a weight
fraction with respect to CTAC. Lines are drawn between points to guide the eye.
samples that began as lamellar structures also become hexagonal following the equilibration procedure.
They do not show the decrease in d-spacing as the 50 wt% did and in some cases actually show a slight
expansion. In Figure 17 we see that their plateau heights are slightly higher, but effectively all of the data
contained in the figure fall on the same curve. This is not surprising: given a particular equilibrating
solution of given salt and co-surfactant content, ESAs of a particular polyelectrolyte, surfactant, and oil
composition should respond similarly. The fact that both cubic and lamellar phases show hexagonal
morphologies after being bathed in the equilibrating reservoirs is strong evidence for this.
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Figure 18: d-spacings of hexagonal phases plotted against dodecane volume fraction (prior to equilibration)
for PAA-CTAC ESAs containing 50 wt% pentanol wrt CTAC (prior to equilibration). Samples equilibrated
in solutions of 20% pentanol (refer to text for true meaning of this value) and the NaCl concentrations
indicated.
Dependence on salt concentration follows a similar trend to that of pentanol; solutions with no salt
obviously have no effect on coexistent phases and amounts of 500 mM or higher dissolve the amphiplexes.
Effects between these two limits are shown in Figure 18. For a given pentanol concentration, the d-spacings
versus dodecane content are tracked for three salt concentrations. The differences in the plateau height for
each concentration are intuitive. Counterions in the solution compete with the polyelectrolyle and
surfactant for binding sites. The higher the counterion concentration, the greater the competition, and the
looser the polyelectrolyte-surfactant complex will be. This increased flexibility thus allows for greater
swelling when dodecane is present.
We attempted to induce swelling in equilibrated materials. Equilibrated ESAs containing 50 wt%
pentanol and a range of dodecane contents prior to equilibration were placed in centrifuge tubes with 0.5
mL of their supernatant fluids and 25 \iL of dodecane. These 10-20 mg samples were left in the tubes for
one week and agitated several times a day to encourage mixing of the dodecane with the ESA. However,
there was no evidence of swelling through SAXS; structures and d-spacings remained unchanged. It would
appear that the bathing of the original ESA in salt and co-surfactant solutions has truly produced an
equilibrated nanostructure, one that has locked in a particular morphology and resistant to further change.
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Figure 19: Hexagonal d-spacings after equilibration. All contain 50 wl% pentanol wrt CTAC prior to
equilibration. Equilibrating solutions are 100 mM NaCl and 20% pentanol.
lO'g/mol 10' g/mol 10' g/mol
100% charge 65 43 44
70% charge 44
40% charge 47 46
Table 7: d-spacings (A) at high dodecane loadings (>100 wt% with respect to CTAC) following
equilibration. For the 10"^ g/mol, 100% charge polymer, this corresponds to the location of the swelling
plateau (Figure 20). For the others, the ESA seems to have collapsed to its original size. Equilibration was
not done on all polymers (shaded boxes).
The entire range of copolymers that formed solid PSCs received the equilibration procedure to see
how well the behavior of the 5100 g/mol, 100% charge density PAA was conserved as both parameters
were changed. Again, the equilibrating solution used was \00 mM NaCl and 20% pentanol. Only the very
high charge density polymers responded to the equilibrative process; for each molecular weight,
coexistence was successfully removed for all compositions of the most highly charged polymers.
Coexistence of phases remained to a large extent for all other charge densities. In contrast to the other ESA
characteristics already discussed, the susceptibility to equilibration seems to be dependent on charge
density alone, and not on both charge density and molecular weight. The plateau in d-spacing with
increasing dodecane loadings seen with the original PAA-CTAC ESAs (Figure 16) does not seem to be
reproducible for other polymers (Figure 19, Table 7). The initial increase in d-spacing matches that of the
low molecular weight, fully charged ESA, but at the highest dodecane loadings, instead of a plateau the
ESAs appear to have collapsed back to their unswollen dimensions. This occurs despite having previously
0.0 0.5 1.0 1.5
Dodecane content (wt% wrt CTAC)
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incorporated significant quantities of the oil (Table 5). Additionally, the compositions at high dodecane
contents reach a single hexagonal phase during equilibration whereas the other compositions do not. The
causes behind these behaviors have not yet been determined, and as before, the effects of changing ionic
strength are still unknown.
2.3. Conclusions
We have shown that the addition of co-surfactant produces phase changes in PSCs as well as
opens up the possibility for swelling of the nanostructure. PSCs can be taken through two phase transitions,
from cubic to hexagonal and hexagonal to lamellar, corresponding to decreasing curvature in the system by
reducing the spontaneous curvature of micellar structures. Phase changes are sensitive to charge density of
the polyelectrolyte and identity of the co-surfactant. PSCs are characterized by a high degree of long-range
order in every phase.
In regards to swelling, PSCs are able to incorporate a significant amount of a hydrophobic species
when first treated with co-surfactant. For the hexagonal phase, the maximum amount of swelling can be
quantified in several different ways: leading to more than doubling of the unit cell d-spacing, one third of
the total weight of the ESA, or half of the total volume. The lamellar phase was not studied as extensively
but still showed up to a 50% increase in the unit cell d-spacing and about one third of the total volume.
Coexistence of phases is quite prevalent throughout the phase diagram as the small molecule components
are added into the PSC but is of minimal concern in regards to the initial goal of introduction of significant
swelling into PSCs while maintaining long-range order. This has thus far been an unreported result in the
literature.
There is an interplay between charge density and molecular weight on the structural characteristics
of ESAs. Decreasing charge density and increasing molecular weight effectively introduce greater steric
hindrance into the systems and this is manifest through changes in the morphology. Arguably these changes
are more sensitive to variations in charge density, as the materials studied in this work range in charge
density only from 100 to 40%, while the molecular weights extend over four orders of magnitude. In other
words, the nanostructures are remarkably robust as molecular weight is changed and comparatively more
malleable when charge density is changed. Additionally, a qualitative boundary between liquid and solid-
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like complexes has been established. There is a threshold charge density below which ESAs have only
liquid-like scattering profiles, and this threshold decreases with increasing molecular weight.
ESAs that exhibit morphological coexistence when first formed can be forced into single-phase
systems by bathing in equiUbrating reservoirs containing controlled amounts of salt and co-surfactant. We
observe that equilibrating solutions containing 100 mM NaCl and 20% of the maximum solubility of
pentanol in water are most effective in producing a purely hexagonal morphology in ESAs that were
previously cubic or lamellar. However, the extent of swelling that was discussed in the previous chapter is
greatly reduced in equilibrated systems and there is a plateau in the d-spacing growth of the ESA unit cell
where before there was a steady increase. The equilibration process is somewhat sensitive to the ESA
composition in regards to its starting pentanol content, which impacts to a small degree the location of that
plateau. There is a limit as well to how much salt and co-surfactant can be present in the equilibrating
solution before the ESA structure becomes disrupted and long-range order is lost.
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CHAPTER 3
CHEMICALLY CROSSLINKED POLYELECTROLYTE HYDROGELS FROM PSCs
3.1. Concept and motivations
One relatively unexplored facet of hydrogels is their microstructure and whether or not that can be
strictly controlled. Gels are amorphous—or at best have liquid-like order—at the time of crosslinking,
which results in a bulk material with randomly distributed crosslink points, inhomogeneous crosslink
density, and a broad distribution of pore sizes. The ability to regulate these parameters through a reliable
templating method would be highly desirable, and one can imagine applications like tissue engineering
scaffolds, drug encapsulation and release, and bioseparations benefiting greatly from the improved
technology. Presented here are steps towards such an advancement, one that combines the easy handling
and manipulation of polyelectrolyte hydrogels with the highly ordered structural characteristics of PSCs.
Sodium alginate (NaA) was used as the polyelectrolyte for hydrogel creation due to its multiple
functional groups. The charged carboxyl moiety makes it possible to electrostatically complex the polymer
with an oppositely charged surfactant, and the hydroxyl groups provide sites for modification and
subsequent crosslinking. Additionally, the use of sodium alginate was attracdve because of its overall
biocompatibility. Crosslinking was attempted via oxidation of the hydroxl groups to aldehydes followed by
hydrazone linkages.
3.2. Experimental
Sodium alginate (medium viscosity) was prepared in a 10 mL 2wt% solution and sodium
periodate (NaI04) was added at an equimolar ratio to NaA repeat units so that every ring structure along the
NaA backbone was opened up. This oxidation step was allowed to run for half an hour at room temperature
and then quenched with 1-2 mL of ethylene glycol. Complexation was done by adding 25 wt%
cetyltrimethylammonium chloride (CTAC) solution to the oxidized NaA (oNaA) and shaking vigorously.
Enough CTAC was added in to achieve charge neutralization of the polyelectrolyte and this forced the
polyelectrolyte-surfactant complex to precipitate out of solution. The samples were then centrifuged and
washed with distilled water several times before the crosslinking chemistry was applied.
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Crosslinking was atleiiipied with dihydrazide compounds of several dilTerent lenoths and thei,
molecular structures are shown in l'i"ure 20. Each one was added in molar amounts equal to one for every
two aldehydes along the oNaA chain. Tliis was followed by 200 nL of sodium cyanoborohydride
(NaCNBH,). and the mixture was again vigoroi.sly shaken. Samples were allowed to react for at least two
hours before either x-ray analysis was performed or portions of the sample arc removed for hydrogel
creation. Upon addition of crosslinker and reduction agent the samples t(X)k on a yellow hue whereas
previously they were white. The precipitate is granular throughout the pr(x-ess.
O
HoN
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H H
H2
Carbohydrazide (CH)
Succinic dihydrazide (SDH)
H9N
Adipic dihydrazide (ADH)
Figure 20: Molecular structures of dihydrazide compounds used to crosslink alginic acid.
a) h)
Figure 21: Photographs ol crosslinkcd complex (a) and hydrogel after SDS wash (h).
1 lydrogels were made by placing a small amount of the crossl inked complex (chunks 5- 10mm
across) into a reservoir (200-300 mL) of 10 wt% sodium dodecylsulfate (SDS) which was refreshed daily
until the complex turned into a clear, colorless gel. 'fhc gel was then bathed in water to rcnu)vc residual
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SDS. These gels were initially stiff enough to handle lightly and cut off sections for x-ray analysis,
however would typically dissolve into a liquid after approximately a month. The photographs in Figure 21
show the material before the SDS wash as a crosslinked complex and afterwards as the hydrogel. All
chemicals were acquired from Sigma-Aldrich and used as is. SAXS was performed at each stage described
above to monitor the nanostructure of the materials and the instrumentation is the same as has been detailed
previously.
a)
b)
c)
Figure 22: Scheme for crosslinkning alginic acid: a) oxidation b) formation of hydrazone linkage (adipic
dihydrazide is shown but other compounds described in the experimental are also used) and c) reductive
amination.
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The modification chemistry was checked at each step using nuclear magnetic resonance (NMR).
Proton spectra were acquired at 600. 1 3MHz on a Bruker Avance600 with a TXI z-gradient probe. A
standard double Watergate water suppression pulse program was employed with 370^5 interpulse delay, 5s
recycle delay and 2s acquisition time. Typically 48 scans were sufficient to give very good signal-to-noise.
Samples were prepared and reactions performed in RO water, and each step was followed by precipitation
and overnight drying under vacuum at 40T. This provided solid polymer at each stage of the crosslinking
procedure which was dissolved at concentrations between 10 and 20 mg/ml in RO water for NMR analysis.
Note that no complexes with surfactant were formed during this process.
Rheological experiments on the hydrogels were performed using an AR2000 stress controlled
rheometer (TA Instruments) in a parallel plate geometry. Dynamic stress and frequency sweeps were done
at a strain of 0.05% and temperatures of 20, 25, and 40°C to measure viscoelastic behavior, which was
immediately converted to values for storage and loss moduli by the manufacturer's software package.
Lastly, dynamic light scattering (DLS) data was collected. All experiments were performed at
room temperature using an ALV unit equipped with an ALV/SP-125 precision goniometer (ALV-Laser
Vertriebsgessellschaft m.b.h.), an Innova 70 argon laser {X = 514.5 nm, max. power 3 W, Coherent
Inc.) operated at 300 mW, and a photomultiplier detector (Thorn EMI Electron Tubes). Signal from the
detector was processed by an ALV 5000 Multiple Tau Digital Correlator board and associated software.
Samples were prepared by gathering enough small pieces of gel to total approximately 0.5 mL and placing
them in 1 cm O.D. disposable glass culture tubes (Fisher Scientific). The tubes were centrifuged at low
speed (-1000 rpm; Centrific Centrifuge, Model 225, Fisher Scientific) until no air bubbles or gaps between
gel pieces were visible to the eye.
3.3. Results and discussion
The hydrazone crosslinking shown in Figure 22 is based on procedures summarized in
Hermanson's Bioconimate Techniques
''^
and widely used in the literature.'*^' A common modification
of polysaccharides is the selective oxidation of neighboring hydroxyl groups in the ring structures that
make up the backbone of such molecules. Depending on the concentration, sodium periodate can be used t.
either solely modify the groups to which it has easiest access—i.e. moieties on end groups—or provide
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quantilalive modification along the entire length of the polymer. In either case, hydroxyl groups are
converted to aldehydes, making further reactions possible. The concentration of sodium periodate used for
the procedures described for this work is in the range that would lead to quantitative modification.
Aldehydes are particularly reactive to hydrazide-containing molecules, forming hydrazone bonds
(alternatively called imines or Schiff bases) spontaneously. The carbon-nitrogen double bond is susceptible
to hydrolysis, however, and so a reducing agent was added to convert it to a single bond and stabilize it.
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Figure 23: Structural progression as AA-CTAC complexes are put through the crosslinking chemistiy and
washed to form a hydrogel.
The oxidation step occurred prior to complexation in order to increase the effectiveness of the
modification. Once the NaA is in a solid complex, the reaction between the periodate and the polymer
would be limited by difftision of the oxidizing agent through the material. Having the reaction take place in
solution ensured that oxidation would occur easily and quantitatively. There is some indication that the
structures of oNaA-CTAC complexes are dependent on the concentration of sodium periodate during the
oxidation step as shown in Figure 23. Without the modification, NaA-CTAC complexes formed a Pm3n
cubic phase evidenced by the cluster of three peaks at ratios of V4, VS, and V6 that represent the 200, 210,
and 211 planes (these are the strongest reflections; other reflections are clearly visible). These same peaks
sharpened considerably upon slight addition of periodate in addition to the appearance of the V2 peak at
very low scattering vector, one that is often of insufficient intensity to be observed.
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Avoiding Ihe problem of a clilTusion-limitcd chemical reaction was not possible for ihe
crosslinking steps Ihemselves. The goal ol this work was to preserve the scir-assemblcd slrucliH c ol ihe
solid PSC through a crosslinking process, and this required the complex to be lormed prior to application ol
the crosslinking chemistry. Although there arc reports on Ihe creation of well-ordered systems between
lightly crosslinked polyelectrolyte and surfactant systems."' ^ we did not expect that order to remain
after surfactant removal, and therefore opted to perform crosslinking after formation of the nanostructure.
to lock in the morphology. Unfortunately, as Figure 24 shows, complexes that have undergone the
crosslinking procedure did not retain the llnely detailed structure from which they originated. A single
broad peak replaces the cluster of sharp peaks, which indicates a distribution of average distances between
scattering objects but no long-range order. Addition of the small molecule crosslinker is suspected to
interfere with the micellar structures and Ihcir packing.
The motivation for attempting this chemistry with different crosslinkcrs was to see if changing the
length of the spacer between hydra/ide units would have an effect on the quality of the crosslinking. The
majority of the lilcralurc cites adipic dihydra/idc (AUH) use, a molecule with six carbons between its
hydra/ide groups, and has been utilized most extensively for this work. Carbohydra/ide (CH) and succinic
dihydra/idc (SDH) with one and four carbons between hydra/ide groups, respectively, were also
investigated to sec if reducing the length of the crosslinks would result in a stronger material. From a
macroscopic, qualitative perspective, this was accomplished with the SDH; crosslinked complexes formed
using this molecule were stiffer to the touch. Additionally, the SDS wash was a slower process than with
ADH complexes, which suggests a more tightly crosslinked system that slows down the exchange of small
molecules (one surfactant for another). The CH complexes in contrast were of poorer quality than the ADH
complexes; samples were grainy and had a tendency to break up and dissolve during SDS washing. Small
portions of gels were recovered in order to perform SAXS, but again were not as stiff or easy to handle as
those produced from the ADH or SDH chemistries. We suspect that the length of the CH may lead to a
greater propensity towards either intra-chain reactions or bonding of only one of the hydra/ide units, rather
than the inter-chain reactions of both hydra/ide units required to form a crosslinked network.
Spectroscopic data from key steps in the crosslinking are shown in Figure 24. The first trace
shows the results following the periodate oxidation, where there is a peak between 8-9 ppm that
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corresponds to the formation of aldehyde groups when the ring structure is opened. The cluster of peaks
centered around 4 ppm correspond to the sugar monomer of the alginate and is well-documented.*^'*'^' The
second trace is that of the final crosslinked product, where the (CH2)4 spacer gives the pair of peaks
between 1.5-2.5 ppm. There is no detectable change in the NMR between addition of the ADH crosslinker
and the reduction step. An additional piece of information garnered from these spectra is that the reactions
are not done to 100% completion. The second trace still shows evidence of aldehyde groups and the largely
unchanged cluster of peaks from the sugar moiety throughout the process indicates that many of them
remain intact. Quantitative determination of the extent of each reaction step was not performed.
aldehyde
ppm
OOm 10
(CH2)4 spacer
Figure 24: 'H NMR spectra for steps during the crosslinking process: oxidized alginic acid (top) and
crosslinked alginic acid after reduction (bottom).
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The NMR on its own is inconclusive in terms of proving the presence of a crosslinked network,
but when considered in the context of Figure 21 points towards moderate success in this aim. The ability of
these materials to form the gels seen in Figure 21 suggests that the crosslinking has occurred to some
degree; complexes to which the crosslinking procedure has not been apphed dissolve when placed in
solutions of SDS. At the same time, it is abundantly clear that the challenge of truly preserving the original
morphology remains unresolved. Beyond the loss of long-range order after the addition of the crosslinker,
SAXS shows no scattering at all once the hydrogels are formed (topmost trace in Figure 23). Even the
broad peaks of the crosslinked complex have disappeared. The absence of scattering is presumed to be due
to the loss of crystallographic structure rather than poor x-ray contrast; examination of these gels with high
flux synchrotron radiation (Figure 25), does not yield significantly more information than that provided by
the home-built setup.
approximate cutoff point
I I I I I I I L
0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
Scattering vector q (A'^)
Figure 25: Synchrotron SAXS of a crosslinked AA gel.
However, not being structured hydrogels in regards to the original PSC morphology does not
mean there are no interesting structural features within the gel. A number of other techniques were utilized
to ftirther study the materials, specifically to determine whether or not a characteristic network mesh size
existed.
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The first method involved a revisiting of the synchrotron scattering data, and particularly the shape
of the decay curve at very low a region inaccessible by the other x-ray unit. There is information
regarding the structure factor of the sample captured in the shape of the curve, according to Ornstein-
Zernike theory/^ Plotting the inverse of the intensity versus the square of scattering vector allows for
calculation of a correlation length ^ of the concentration fluctuations within the sample, a method
applicable to all types of scattering, including x-rays, neutrons, and visible light/'^ ^^'^ The analysis uses the
following equation where r^(0) is the extrapolated zero-angle inverse intensity:
(1)
The correlation length ^ is equivalent to the mesh size being sought. A portion of the q range from Figure
25 is plotted in Figure 26 and the Omstein-Zernike function is fitted to the appropriate area of the curve in
order to back out the correlation length.
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Figure 26: Omstein-Zemike plot for crosslinked alginic acid gel (corresponds to scattering trace in Figure
25). Heavy black line is a linear fit to the curve which yields the correlaUon length indicated.
The exact location where the fitfing is done is fairiy qualitative. Sharma and coworkers describe a
cutoff point where the Ornstein-Zemike function and another approximation, the Debye-Bueche,
intersect.^'^ Debye-Bueche describes contributions to the scattering from length scales much greater than ^
that may come from long range, large inhomogeneities in the gel. The cutoff point occurs near the cusp of
the scattering curve and is a helpful guide for where the Ornstein-Zemike analysis may be applied.
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Returning to the hydrogel scattering data in Figure 25. the bend in the data occurs at a q less than 0.04 A '
The immediate area around q = 0.04 A ' should be avoided as the mylar used in the experimental setup
shows a broad peak in this region, and in fact may be causing the slight bump in the curve at 0.04 k'<q<
0.08 A '. Therefore the fitting must be done below q = 0.04 A'* but after the initial, steep dropoff in the
intensity. This is shown in Figure 26 and the resulting ^ is -40 A. Assessment of this value will be done
shortly, after the other methods for finding ^ are discussed. It is worthwhile to note that this value for ^ is
not believed to be a correlation length due to the native packing of chains in solution, uncrosslinked or
crosslinked. Ornstein-Zernike analysis done on scattering data from an untreated 5wt% alginic acid
solution resulted in a ^ of approximately 60 A (Figure 27). Crosslinking alginic acid with divalent calcium
ions at a similar concentration as described here has been found to produce pore sizes in the crosslinked
matrix between 80 and 100 A.*^^
approximate cutoff point
0.04 0.08
"T"
0.12 0.16
Scattering vector q{A' )
Figures 27: Synchrotron SAXS of a 5wt% alginic acid solution in water with corresponding Ornstein-
Zernike plot.
Another strategy for arriving at the mesh size is through rheological measurements. A number of
groups describe this procedure^'^"^'^ which, in brief, first calculates the molecular weight between crosslinks
from the shear modulus, which is then related to the mesh size. Fundamental concepts from rubber
elasticity provide the relationship between molecular weight and modulus^"' ^' while classical statistical
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mechanics ot polymers link molecular weight and the geometry of the network.^** The particulars discussed
below most closely follow Bell and Peppas^ methodology.^***
We begin with the following expression for G, the shear elastic modulus:
M
2M
IT
(2)
where p is the density of polymer network, v the volume fraction of polymer in the swollen system, M, the
molecular weight between crosslinks, and M„ the molecular weight of the starting polymer. Straightforward
thermodynamic analysis of the deformation of a rubber network leads to the basic expression, G=pRT/McV
The v^'^ factor accounts for a swollen system where only the network contributes to the elastic behavior; the
solvent is excluded from the calculation/' The last factor in parentheses is a similar correction, but instead
excludes portions of the polymer structure that are not part of the elastic network. Network defects (for
example, chain segments that are joined at one end but not the other) and the threshold segments needed to
crosslink the system (but before a true elastic network is formed) fall in this category.'"
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Figure 28: Measurement ol" storage (G') and loss (G") moduli for a crosslinked alginic acid hydrogel at
three different temperatures as indicated. Instrument operating at a strain of 0.5%.
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Equation 2 is wholly appropriate for describing the hydrogels in this work, starting with even
using rubber elasticity as a model system. Calculations of the storage (C) and loss (G") moduli versus
frequency for three different temperatures are shown in Figure 28 and all indicate C is frequency-
dependent while G" is frequency-independent. In other words, these hydrogels are viscoelastic, however
have a very small viscous response to deformation in comparison to their elastic response. This justitles the
decision to start with the idealized rubber network. Next, it is vital to recognize that only a fraction, v, of
the bulk material is actually involved in the elastic response. In the rubber network, a small molecule
solvent is introduced that reduces the polymer fraction of the material. For the hydrogels studied here, from
their inception the polyelectrolyte amount is small in relation to the other components. In the PSC,
estimates of the polymer layer thickness between micelles range from 2-5 A, as compared to micelle
diameters of approximately 35-45 A. As a hydrogel, the volume formerly occupied by the micellar template
is taken up by water. Inclusion of the fraction v therefore becomes important in the expression for G. Let
not the mention of a "swollen" rubber network cause confusion here; no rigorous swelling studies were
performed on the hydrogels and the value used below for v comes from written estimates of the polymer
content based on known quantities of all PSC components at the time of mixing. Lastly, the second
correction factor is necessary as an acknowledgement that the crosslinking chemistry is not perfect and is
not expected to create a network-forming junction point in all cases. There are bound to be loose chain
ends, intramolecular links, and other defects, and Flory's estimate for the fraction of linkages participating
in the elastic network is a fair assessment.
Rearranging Equation 2 to solve for M,:
M.=^^ (3)
The value for G was taken to be 4500 Pa, which comes from the plateau in G' at high frequency in Figure
29c. The other values are as follows: p=0.644 g/cm\ r=313°K, v=0.3, M„=100,000 g/mol. The resulting M,
is approximately 40,000 g/mol.
With M< calculated, the number of monomer units linked together between crosslink points is
expressed as
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M
M, (4)
where M, is the molecular weight ol the repeat unit (198 g/mol). Proceeding with Flory's configurational
analysis lor a freely-rolaling Gaussian chain,
i
where is the root mean square cnd-to-cnd distance between crosslinks, C is the chaiacteristic ratio of
the polymer, and / is a bond length. The literature reports 21.2 and 5.15 A for values of C luid /,
respectively." Finally, the mesh size is related to ihe end-to-end distance through the volume fraction of
polymer in the gel:
^ = ^ '(^o')' ((^)
This compulation results in a mesh size 4 ^ 700 A.
The final approach was to use DLS, a technique whose basics were established several decades
ago^^ but in practice is not a simple matter. Macroscopic inhomogencities in the gel often create artifacts in
die data and the physical origin of various scattering length scales is not fully underst(X)d.'^^ Despite these
difficulties, a rough attempt was made to probe the network structure within the gels. Each of the two gels
described in the experimental showed two distinct relaxation times. The slower time is the one of interest,
attributed to density fiuctuations in the network and related to the network mesh size; the fast relaxation
time comes from movement of smaller units—that of chain segments between crosslink locations. The
relaxation time V is approximately related to the mesh size E, by the following equation:^'*
c-—-— q
where r] is the solvent viscosity, in this case simply water. The scattering vector q isa known quantity from
the experiments and T is measured. The result for the slow mode relaxation time is a size .scale of about
2000 A.
Arc these numbers reliable and do lliey make physical sense? The results the Ornstein-Zernike
analysis can be rationalized in terms of the tcmplated morphology. There is reasonable corroboration with
the dimension of the hexagonal unit cell calculated for AA-CTAC PSCs in Table 1 , .showing that a length
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scale arising fnini Ihc surfaclanl template is being preserved. This sluniid he approached witli caution,
however, despite very close agreement. Wiuic liic unit cell dimensions from the PSC scattering are
reprcKiucible and can be considered real, the value calculated from Ornstein-Zernike analysis is at k>st a
rough estimate; the result is highly dependent on the location along the curve from which the slope is taken,
However, one can imagine plausible physical .sceiuuios thai make these numbers consistent with
one another. The cubic unit cell that is present prior to crosslinking is in fact comprised of smaller
geometrical units" "' that may be closer to 40 A in size. Although definitive knowledge of what is
(K-curring morphologically during hydrogci creation is lacking at tliis point, it is encouraging to sec that
there are length scales before and after the procedure that agree qualitatively. This is an importiuit first step
t(wards creating crosslinked hydrogels with long range, nanoslructuicd order.
Cwi-hnktr
Figure 29: From Sharnia, cl al/'^ possible lenglh scales within a crosslinked hyclrogel. Approximate values
are 20 A for (lie persistence length, 30 A lor the correlation lenglh, 100 A for inhomogeneities. anil 3000 A
lor the lenglh scale i^^i„w ass(K*iatetl with the slow nuxle relaxation time Irtim dynamic light scattering.
There is more uncertainly in regards to the length scales pulled from the rhei>logy and DLvS
experiments, as they do not immediately correspond lo any cxpcclcd features in the gels. However, those
dimensions may in iact ix consislenl with hydrogel characteristics, broadly speaking; there is some
precedent in the literature for bolh of Ihese large lenglh scales. Sharma and coworkers present a model o(
crosslinked gelatin and describe a number of features ranging from 20 A up lo 4000 A in si/.e/'- hi Figure
29, clusters of crosslinked polymer may create inhomogeneilies in ihc gel structure, and the movement of
junction points within the gel gives rise lo a slow relaxation lime. These potentially are the source of the
700 and 2000 A features observed in our gels.
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Such a statement must be made with a ftill awareness of potential sources of error. When the gels
are first formed they do appear completely clear and colorless (Figure 21), however when prepared for DLS
they become slightly turbid. This may be a result of the centrifugation (compaction reveals the presence of
larger crosslinked clusters with the gel, the interfaces between gel pieces do not seal completely, etc) but
regardless is a source of strong scattering that is not the density fluctuations of the polymer network, and
not the type of scattering from which an accurate measurement of a correlation length can be extracted. The
2000 A feature may very well be an artifact of the sample preparation. Additionally, Shiirma cites
macroscopic defects in the gel and chain structures among the possible origins of the large length scale
observed in DLS. The bottom line is that while it is difficult to know exactly what is giving rise to the large
length scale scattering, there is some consistency with what has been reported elsewhere and this provides a
viable starting point for further research.
3. 4. Conclusions
We have successfully crosslinked a polyelectrolyte hydrogel through chemical methods, and
believe to have done so while preserving some length scale that originates from surfactant templating. A
combination ofNMR data and the materiars physical properties at a macroscopic level suggest the
presence of chemical crosslinks and scattering experiments reveal a length scale that is different from what
would characterize the native polyelectrolyte packing in solution or the approximate mesh size from non-
templated crosslinking via divalent counterions. In regards to the original goal of creating a structured,
crosslinked hydrogel, the loss of long range order and the gels' own dissolution after several weeks clearly
indicate that a greater degree of crosslinking is necessary. The NMR data show that the crosslinking
reaction is incomplete and the large mesh sizes calculated from rheology and DLS may indicate that what
few junction points are present in the system are quite far apart. Further optimization of the chemistry may
lead to a greater crosslink density and hence a more robust hydrogel. Another possible improvement of this
overall procedure would be to increase the amount of polyelectrolyte present in the complexes; increasing
the amount of crosslinkable material would lead to a stronger, more rigid polymer network. As mentioned
previously, the polymer layer between micelles is rather thin and believed to be prone to collapse upon
removal of the surfactant template. Consequently no scattering arises in SAXS. There is a delicate balance
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to be achieved with this methodology though. As we have seen in the molecular weight and charge density
studies, an increase in the polymer content in a PSC can lead to decrease in long-range order. The
polyeleclrolyte content in the PSC would have to be raised without significantly sacrificing the orderliness
of the surfactant templated morphology.
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APPENDIX A
TERNARY PHASE DIAGRAMS
Ternary phase diagrams for all the amphiplexes produced during the course of this research are
included here. Diagrams are defined in terms of the weight of each component. Polyelectrolyte/surfactant is
considered a single component and is located at the top vertex, dodecane and co-surfactant arc at the two
lower vertices. The weight contribution of water, which is assumed to be present throughout the interstitial
areas of the ESA, was neglected. All gridlines represent 10% increments.
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Figure A4:
[1500 g/mol, 41% charge] P(AA-Ac)-CTAC
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[250k g/mol, 100% charge] PAA-CTAC
Figure A5:
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Alginic Acid-CTAC
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APPENDIX B
NMR DATA
Results of the base-catalyzed hydrolysis reaction were verified using ' t NMR and those
corresponding to the copolymers discussed in this work are gathered here. Molecular weight and charge
density information accompany each spectrum. Tetramethylsilane is at a chemical shift of 0 ppm.
~l 1 1 1 T"
184 182 180 178 176
Chemical shift (ppm)
r-
186
~T 1 1 1 1
184 182 180 178 176
Chemical shift (ppm)
1500g/mol, 9% charge 1500g/mol, 31%chaige
T 1 1 r
186 184 182 180 178
Chemical shift (ppm)
1
176
T
186 184 182 180
Chemical sihft (ppm)
178
150()g/moi, 41% charge 1500 g/mol, 68% charge
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186 184 182 180 178
Chemical shift (ppm)
200 g/mol, 43% charge
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186
Chemical shift (ppm)
15M g/mol 7% charge
II
I
1 1 1 1 r-
186 184 182 180 178 176
Chemical shift (ppm)
15M g/mol, 23% charge
-I 1 1 1 r-
186 184 182 180 178
Chemical shift (ppm)
15M g/mol, 50% charge
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1 1 1 r
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Chemical shift (ppm)
178
I5M g/mol 76% charge
188 186 184 182 180 178
Chemical shift (ppm)
15M g/mol 92% charge
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Chemical shift (ppm)
Polysciences lOM g/mol, 40% charge; true charge density 33%
r 1 1 1 1 r
188 186 184 182 180 178
Chemical shift (ppm)
Polysciences 200k g/mol, 70% charge; true charge density 66%
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